The majority of chloroaromatic compounds are degraded via chlorocatechols as the central metabolites and further through the modified ortho cleavage pathway with chlorine elimination. Convergence of the pathway for aromatics with the one degrading lower-chlorinated catechols, with 3-oxoadipate as the common metabolite, is seen.
The following gene clusters encoding the modified ortho cleavage pathway have been studied: clcABDE, encoding the 3-chlorobenzoate-degradative enzymes of Pseudomonas putida AC866 (23) , tfdCDEF, encoding the 2,4-dichlorophenoxyacetate-degradative enzymes of Ralstonia eutropha JMP134 (53) , tcbCDEF, encoding the 1,2,4-trichlorobenzene-degradative enzymes of Pseudomonas sp. strain P51 (50) , and the part of clcDE encoding the 3-chlorobenzoate-degradative enzymes of Pseudomonas sp. strain B13 (37) (Fig. 1) . However, the molecular basis for the connection to the Krebs cycle is an aspect of chloroaromatic degradation that has received no attention, while the genes encoding the lower 3-oxoadipate pathway have been the subject of intensive investigations (22) .
We report here the identification and characterization of the genes, designated catIJ, encoding the two subunits of 3-oxoadipate:succinyl-coenzyme A (CoA) transferase from Pseudomonas sp. strain B13. In addition, gene catF, encoding the 3-oxoadipyl-CoA thiolase, was found next to the transferase genes. When the sequence of CatF was compared with sequences of bacterial and eukaryotic thiolases, a high degree of amino acid identity was seen. The CoA transferase of strain B13 showed highest identity with enzymes from the strictly anaerobic bacteria Acidaminococcus fermentans, Pseudomonas aeruginosa PAO1, and Mesorhizobium loti, but lower similarity to analogous enzymes involved in the degradation of aromatic compounds. Biochemical aspects of both enzymes are reported in the accompanying publication (26) .
primer ESTR1 (5Ј-CGAGACCGAGCATATGGCTGAACTCCTGACC-3Ј) was designed with an NdeI site (underlined) and the start codon of catI (italics) and reverse primer ESTR2 (5Ј-GTGCGCACGGGATCCAGATGTAGACTTCGC G-3Ј) with a BamHI site (underlined) and the stop codon of catJ (italics). PCR with primers ESTR1 and ESTR2 was carried out with the Advantage cDNA Polymerase Mix (Clontech, Palo Alto, Calif.) and an annealing temperature of 68°C.
An expression plasmid for the hydrolase was made with forward primer MG-ELH-1 (5Ј-GTTCCCGATGGCTAGCGTCAAACTCG-3Ј), with a constructed NheI site (underlined; boldface G indicates a change from C in the original sequence of strain B13 necessary to create the restriction site) and the start codon of catD (italics), and reverse primer MG-ELH-2 (5Ј-CTGTGTGAACG GATCCGCCAGACCAT-3Ј), with a BamHI site (underlined; boldface G indicates a change from C in the original sequence necessary to create the restriction site). The PCR was performed with the Advantage-GC cDNA Polymerase Mix (Clontech) and an annealing temperature of 68°C. All other conditions were used as suggested by the manufacturers.
Southern hybridization and labeling. Genomic DNA from Pseudomonas sp. strain B13 was digested and separated on agarose gel (0.8%) and blotted onto nylon membranes (Hybond N ϩ ; Amersham Pharmacia Biotech, Buckinghamshire, England). Specific probes for hybridization were recovered from agarose gels and labeled using Rediprime II and Redivue [ 32 P]dCTP (Amersham Pharmacia Biotech).
Preparation of cell extracts and enzyme assays. Preparation of cell extracts and enzyme assays were carried out as reported previously (26) .
Sequence analysis. BLAST searches for screening homologous proteins (1) were made by using the BLAST, version 2.0, software (http://www.ncbi.nlm.nhi .gov/BLAST). For search of consensus sequences the PROSITE database (http: //www.expasy.ch/prosite) was used (4). The sequences were compiled and aligned by using ClustalX software (version 1.8) (48) . Percentages in Table 2 were obtained with GeneDoc (version 2.5) (www.cris.com/ ϳ ketchup/genedoc.shtml) using multiple alignments from ClustalX.
Nucleotide sequence accession number. The nucleotide sequences determined in this work have been deposited under GenBank accession no. AY044272.
RESULTS AND DISCUSSION
Cloning of the genes of the lower 3-oxoadipate modified ortho pathway. A PCR was run by making use of primers CATF1 and CATF2, which corresponded to regions conserved in the 3-oxoadipyl-CoA thiolase gene (catF) of Acinetobacter calcoaceticus (28) and pcaF of P. putida PCH722 (21, 35) . This resulted in a 539-bp fragment containing a part of catF. This PCR product was used as a probe in Southern hybridization experiments, and a 2.3-kb PstI fragment of genomic DNA of Pseudomonas sp. strain B13 was found to hybridize with the probe. This fragment was cloned in pUC18/PstI to give clones pKSC2 and pMGTH, which harbor the same insert but in the opposite direction. Thiolase activity of 0.27 U/mg of protein was found in cells harboring clone pKSC2; there was no activity in clone pMGTH and E. coli DH5␣ harboring the vector without any insert. The DNA sequence of pKSC2 comprises one incomplete open reading frame (ORF). The deduced protein sequence was found to have highest identity with glutaconateCoA transferase of Acidaminococcus fermentans (31) . Since the N-terminal protein sequences of both subunits of the purified 3-oxoadipate:succinyl-CoA transferase of Pseudomonas sp. strain B13 also showed the highest homology with that of CoA transferase (26) , it was thought that the incomplete ORF might be part of the transferase gene(s). The complete ORF4, termed catF, extends from positions 511 to 1716, i.e., an overlapping of 4 bp with catJ. It codes for a protein of 401 amino acid residues with a predicted mass of 41,678 Da. The Nterminal amino acid sequence of the thiolase obtained from the purified enzyme (26) was identical to the sequence deduced from the cloning.
Downstream of catF an additional incomplete ORF, which was similar to that encoding PcaD, was found, and thus it is assumed that it codes the first part of 3-oxoadipate enol-lactone hydrolase.
Clones bearing sequences upstream and downstream of catF were generated to obtain complete genes encoding transferase and hydrolase.
The 326-bp PstI/EcoRI fragment of the 2.3-kb PstI fragment was used as probe in Southern hybridization experiments to find the transferase gene. A 2.3-kb EcoRI fragment of genomic DNA of Pseudomonas sp. strain B13 hybridized with the probe. Cloning of the fragment into pUC18/EcoRI gave clones pMGTR11R and pMGTR2, which have inserts with opposite orientations. To have a functional transferase, a 1.7-kb PCR product, plasmid pMGTR4, was prepared by the use of a PCR product obtained with primers ESTR1 and ESTR2. Cloning into the NdeI/BamHI site of expression vector pET11a allowed the isolation of a clone with plasmid pESBLT8. Enzyme assays with crude extracts of this clone revealed strong activity of 3-oxoadipate:succinyl-CoA transferase compared to those of the controls. An activity of 4.6 U/mg of protein was detected, while no activity was present when plasmid pET11a lacked the insert.
The DNA sequence of pMGTR2 comprises one ORF (ORF1), from position 83 to 496, with unknown function.
Two complete ORFs were found on pMGTR2 plus the 5Ј part of pKSC2. By comparing the N-terminal amino acid sequences of the subunits of the transferase obtained from the purified enzyme (26) with our deduced amino acid sequences, we identified each translational start site. Amino acid sequences obtained from cloning and enzyme purification were nearly identical, with only one difference in each subunit, which might be the result of an error in the analysis of the protein sequences. ORF2 (catI) encodes a polypeptide of 282 amino acids and starts at nucleotide 813. ORF3 (catJ) encodes a polypeptide of 260 amino acids and begins at nucleotide 1661. Both ORFs were oriented in the same direction and showed an overlapping of 1 bp, which needs Ϫ1 translational frameshifting (15) .
The same 539-bp PCR product, containing a part of catF, which allowed the detection of the whole thiolase gene (see above), was used as a probe in Southern hybridization experiments to find the complete catD gene. A 3.6-kb EcoRI fragment of genomic DNA of Pseudomonas sp. strain B13 hybridized with the probe. Cloning the fragment into pUC18/EcoRI gave clone pMGELH3.
Cloning a PCR product, obtained with primers MG-ELH-1 and MG-ELH-2, into the NdeI/BamHI site of expression vector pET11a in E. coli XL10-Gold Kan allowed the isolation of plasmid pMGELHExpr7. This was transferred into expression strain E. coli BL21(DE3)pLysS. Enzyme assays with crude extracts of this clone revealed strong activity of 3-oxoadipate enol-lactone hydrolase compared to those of the controls. An activity of 32.1 U/mg of protein was detected, while no activity was present in pMGELH3, containing the 3.6-kb EcoRI fragment.
Downstream of catD an incomplete ORF of 1,183 bp, which is in the opposite direction to catIJF and catD, was found.
Sequence comparison. By analyzing our sequences together with published sequences of CoA transferases, thiolases, and hydrolases, several important points can be made. There is significant sequence similarity of thiolases, in ␣-, ␤-, ␥-, and ε-proteobacteria as well as low-GC and high-GC gram-positive bacteria, not only with those enzymes involved in the degradation of aromatic compounds (amino acids 83% identical to Table 2 ). The same is true for hydrolase CatD of strain B13, which shows high sequence identities: amino acids 61% identical to those of 3-oxoadipate enol-lactone hydrolase of P. putida and 74% identical to those of PcaD of P. aeruginosa PAO1.
In contrast, CoA transferases show a more diverse picture. The B13 subunits of the transferase have only low sequence similarity (less than 20%) to the 3-oxoadipate:succinyl-CoA transferases of Acinetobacter calcoaceticus and P. putida, as well as other CoA transferases. Some stretches of 30 and 29% identity to the glutaconate-CoA transferase from the strictly anaerobic bacterium Acidaminococcus fermentans were found. However, high sequence identities, 87 and 91%, to PcaI (PA0226) and PcaJ (PA0227) of P. aeruginosa PAO1 were observed, suggesting that these are also the subunits of the transferase.
The product of ORF1 and the PhnB protein of E. coli, an enzyme that is involved in phosphonate metabolism but whose exact function is not known, have 30% identical amino acids (8) . A higher identity of the deduced amino acid sequence (60%) to protein PA1353 of P. aeruginosa PAO1 was observed.
The protein sequence deduced from the sequence downstream of catD, ORF6, was found to have high identity, 67%, to acetoacetyl-CoA synthetase of Sinorhizobium meliloti (6) . The deduced sequence and protein PA1997 of P. aeruginosa PAO1, a protein with an AMP-binding motif, had 81% identical amino acids.
Operon structure. We identified the three overlapping 2.3-, 2.3-, and 3.6-kb DNA fragments from Pseudomonas sp. strain B13 (Fig. 2 ) encoding one enzyme with unknown function, 3-oxoadipate:succinyl-CoA transferase, 3-oxoadipyl-CoA thiolase, 3-oxoadipate enol-lactone hydrolase, and a part of an enzyme with an AMP-binding motif. All identified ORFs except ORF6 are oriented in the same direction. The overall organization of genes catI, catJ, and catF, encoding the lower pathway in Pseudomonas sp. strain B13, is identical to those of pca and cat clusters reported for Acinetobacter calcoaceticus and the pca cluster of P. aeruginosa PAO1 but different from the organization of the genes in P. putida (Fig. 3) . In strain B13 the hydrolase gene follows the thiolase gene, a situation which is identical to that for the cat cluster in Acinetobacter calcoaceticus, while the gene is separated from pcaF by at least one gene in the other clusters. A comparison of the identical clusters of B13 and cat genes identified a much broader spacing between catF and catD in B13 than between catF and catD in Acinetobacter calcoaceticus. In addition, there is a promoter sequence in front of B13 catD which is absent between catF and catD in Acinetobacter calcoaceticus. Intergenic regions of 12 bp between the transferase and the thiolase genes of the pca and cat clusters in Acinetobacter calcoaceticus were seen (22) , while an overlap of 4 bp between catJ and catF is present in Pseudomonas sp. strain B13. Spacing of 8 or 10 bp separated the genes of the subunits of the transferases in Acinetobacter calcoaceticus and in P. putida, respectively, while the B13 genes overlap with 1 bp. The data suggest that catI, catJ, and catF may constitute an operon in Pseudomonas sp. strain B13. (38) reported the presence of a glycine cluster in the N-terminal amino acid sequence of PcaI of P. putida with strong similarity to the consensus sequence (Prosite PS01273:
Signature patterns. Parales and Harwood
-G-x-P) described by Wierenga et al. (52) . Other CoA transferases from very diverse organisms show the same sequence: Helicobacter pylori (12), pig heart mitochondria (29) , Acinetobacter calcoaceticus (28) , and Clostridium acetobutylicum (7) . Since glycine clusters are part of ADP-binding ␤␣␤ folds (52) , this region of subunit A was thought to be important for the function of the transferase by binding CoA. In B13 transferase subunit A the respective glycine cluster, the mononucleotide-binding motif, is only partly present (D-G-xx-V-A-L-E-G-F-x-x-x-x-P). One important glycine is replaced by a glutamic acid residue and an additional glycine is missing, a situation which is identical to that for protein PA0226 in P. aeruginosa PAO1.
A second signature pattern for CoA transferases (Prosite PS01274:
) was postulated on the basis of a sequence alignment of CoA transferase by Parales and Harwood (38) . The alignment was of a region in the N terminus of subunit B, which contains a conserved glutamate that is involved in the catalytic mechanism according to the studies by Jencks (23) . The short consensus sequence S-E-N-G was confirmed by Rochet and Bridger (43) . An exception from that theme was the glutaconate-CoA transferase of Acidaminococcus fermentans, which had very low sequence similarity to the other CoA transferases and in which the consensus S-E-N-G was not detected (31) . Instead of that the important glutamic acid residue, identified by chemical methods (5) and by site-directed mutagenesis (32) , was found in the short motif E-S-G in the N-terminal part of the enzyme. The consensus motif S-E-N-G is also absent in CatJ of Pseudomonas sp. strain B13, but some stretches of similarity with the glutaconate-CoA transferase were found, especially the E-S-G motif with the glutamic acid residue at position 51. This short motif has also been observed in protein PA0227 of P. aeruginosa PAO1.
The hallmarks of proteins belonging to the thiolase family are three signature patterns two of which are based on the regions around the biologically important cysteines (Prosite PS00098:
). The first conserved cysteine residue located in the N-terminal section of the enzymes is involved in the formation of an acyl-enzyme intermediate; the second, located at the C-terminal extremity, is the active-site base involved in deprotonation in the condensation reaction. The third motif (Prosite PS00737:
is based on a highly conserved region in the C-terminal part of these proteins.
Sequence comparison indicated that the three conserved motifs are present in CatF of strain B13. The comparison suggests that Cys-91 of the B13 enzyme is the active-site cysteine residue and that the consensus sequence of the active site is L-N-x-x-C-A-S-G-M-x-A-V-x-x-x-x-x-x-I and belongs to the PS00098 motif. The consensus sequence of PcaF of P. aeruginosa PAO1 showed an isoleucine instead of a valine. Cys-387, the second important cysteine of the active site of CatF in strain B13, is part of motif G- which hits the above consensus sequence PS00099. In the PAO1 consensus the first cysteine is replaced by an alanine. The thiolase signature (PS00737) was found at position 347 in CatF of strain B13:
A search for consensus sequences of CatD with other enzymes, even the counterparts of Acinetobacter calcoaceticus and P. putida, indicated no clearly conserved motif.
An putative AMP-binding domain signature (Prosite PS00455:
]-[STG]-[STAG]-G-[ST]-[STEI]-[SG]-x-[PASL IVM]-[KR]
) was found in the protein sequence deduced from ORF6 at amino acids 11 to 22: I-x-x-S-S-G-T-T-G-x-P-K. Therefore, the gene might code for the ATP-and CoA-dependent 3-oxoadipate-activating enzyme in strain B13.
Conclusion. In general, the data presented here indicate that the sequences of enzymes functioning in the lower 3-oxoadipate pathway of strain B13 are highly similar to those of the counterparts of P. aeruginosa PAO1. In contrast, there were major differences between the subunits of the CoA-transferase of strain B13 on the one hand and those used by the other aromatic compound-degrading bacteria, P. putida and Acinetobacter calcoaceticus, on the other. With respect to the organization of the catIJFD gene cluster, the situations in Acinetobacter calcoaceticus and Pseudomonas sp. strain B13 are identical. This study illustrated again that nature's patchwork assembly process has happened and will continue. 
